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Abstract
The central dogma of cellular biology asserts that DNA is transcribed to mRNA, which in turn is
translated to a protein. This simplistic conduit of gene expression is heavily regulated at multiple
levels to ensure proper temporal and spatial expression of genes. One such mode of regulation
occurs at the juncture at which RNAs are translated to proteins, known as translational
regulation. mRNAs can be translationally regulated by trans-acting factors, such as RNA
binding proteins (RBPs), and/or cis-acting factors. Regulation via these two modalities can
depend on structure as well as RNA sequence. Secondary structures, such as stem loops, are
unique motifs that can be recognized by RBPs. To study the influence of structure on
translational regulation, we used the polar granule component (pgc) of Drosophila
melanogaster as a model mRNA. It has been shown that the 3’untranslated region (UTR) of pgc
is sufficient to temporally and spatially regulate the mRNA throughout development. Secondary
structure analysis via RNA footprinting showed that pgc forms a unique and stable secondary
structure. By utilizing a GFP reporter that is expressed under the control of a pgc 3’UTR, we
sequentially explored the influence these structures had on pgc translation. We found that a stem
loop, SL10, when deleted resulted in a loss of somatic translational control during
embryogenesis. To elucidate the mechanism by which SL10 influences translational regulation of
pgc we established an in vitro dimerization assay, which showed that cis-acting interactions are
possible. This form of interaction could suggest that two or more pgc mRNAs interact to
potentially occlude the mRNA from active translation. Further in vivo and in vitro studies are
needed to identify the role that SL10 plays in translation control, with it being either a
dimerization motif, or a putative binding site for RBPs.
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Introduction
Molecular and cellular biology looks closely at the expression of genes and the effects
they have on the cell. The human genome is predicted to contain upwards of 20,000 genes.
Timely expression of these genes is critical for the survival of the organism (Pertea and Salzberg,
2010). The core tenant of cell biology dictates that DNA is transcribed to RNA, which is then
translated to proteins (“Molecular Biology Review,” n.d.). There are multiple modalities of
regulation that control the ultimate expression of the gene. There are DNA binding proteins that
act as promoters or repressors of gene transcription. At the other end of the production line, there
are protein modifiers, such as kinases and phosphatases, which modify the functionality of the
protein by addition and removal of functional groups, such as phosphates (Prabakaran et al.,
2012). Yet another mode of regulation is translational regulation, in which mRNAs are regulated
to allow for proper spatial and temporal regulation of protein expression.
Translation is the process by which ribosomal proteins and RNAs interact with a mature
mRNA and translate the nucleotide sequence to the amino acid sequence of proteins. Regulation
at this juncture is multifaceted, similar to DNA and protein regulation, in that regulation can
promote or repress translation. One such factor that influences translational regulation of
mRNAs is RNA binding proteins (RBPs). They are a diverse group of proteins that have the
capacity to interact with mRNAs and influence its modification, localization and ultimately its
translational pattern. RBPs do this by facilitating various RNA modification processes such as
splicing and post-transcriptional editing, while also regulating the recruitment of the ribosome
for translation (Glisovic et al., 2008).
mRNA regulation is relevant in biological systems during the developmental stages of
embryogenesis and oogenesis (Weil, 2015). In multiple organisms’ developmental stages, the
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female deposits a cache of mRNAs and proteins in the egg that will aid in the developmental
process after fertilization. The regulation of these mRNAs falls under the category of maternal to
zygotic transition (Simonelig, 2012). Proper regulation at this junction of development is needed
to ensure accurate spatio-temporal gene expression.
The Drosophila melanogaster (D. mel) is an excellent model organism to study the
impact of mRNA regulation on the developmental processes of oogenesis and embryogenesis. In
D. mel, the critical process of specifying the primordial germ cells (PGCs), which are required
for propagation of the next generation via the germ line stem cells the give rise to, require
maternal deposition of germ plasm. This germ plasm contains RNAs and RNA binding proteins
(RBPs) to guide the growing embryo during embryogenesis. The expression of these RNAs is
translationally regulated to ensure activity in the correct tissue and at the correct time (Rangan et
al., 2009). This thereby creates two classifications of RNAs in the germ plasm: germ line
included (G.L.) and germ line excluded (G.L.E.). G.L RNAs are expressed solely in the germ
line, whereas the G.L.E are expressed in the surrounding somatic tissue; however, all are
maternally deposited.
One such RNA that is regulated and is included in the germ line of D. mel is polar
granule component, pgc. The protein, Pgc, is implicated in maintaining the stem cell nature of
the PGCs. Pgc is responsible for transcriptional repression of somatic genes in the PGCs, thereby
maintaining their totipotency. It accomplishes this task by inhibiting P-TEFb (a complex
containing Cyclin T and Cdk9), which under normal function phosphorylates the CTD of RNA
Pol II at Ser-2 and Ser-5 allowing for elongation during transcription (Hanyu-Nakamura et al.,
2008). Loss of Pgc activity leads to transcription of somatic genes in the PGCs, thereby causing
somatic trans-differentiation. The pgc mRNA, is heavily translationally regulated because it is
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expressed in only two short pulses, once during embryogenesis and oogenesis, however the
mRNA is present throughout (Rangan et al., 2009).
It has been previously shown that the 3’Untranslated Regions (3’UTRs) of RNAs are
sufficient for translational control of a multitude of maternally deposited mRNAs, with pgc being
one of them (Kuersten and Goodwin, 2003; Rangan et al., 2009). The 3’UTR of pgc is 401bp
long, whereas the entire mRNA is 686bp long. In wild type, pgc is localized to the posterior pole
of the embryo and is localized to the PGCs, where it is expressed. The sufficiency of pgc’s
3’UTR in its regulation suggests that whatever mechanism of translational control that acts on
pgc interacts with the 3’UTR directly.
Previous work has shown that the 3’UTR of pgc forms a stable secondary structure.
Figure 1 shows the various ways in which the secondary structure of 3’UTR was probed.
Techniques such as circular dichroism, UV melting, native PAGE, and RNase footprinting
(figure 1 A-D) were utilized to probe the presence of the secondary structure, and results showed
that a stable, compact secondary structure forms in the presence of ions. Figure 1E shows the
predicted secondary structure that was attained from imparting restrictions, which were
experimentally determined from RNase footprinting, on a RNA folding algorithm that was
developed by our collaborators.
Furthermore, a previously conducted phylogenetic analysis on the 3’UTR of pgc was
utilized to determine what elements within the 3’UTR translationally regulated pgc. Figure 2A
shows the phylogenetic analysis and the presence of highly conserved sequences interspersed by
regions of low conservancy. The analysis looked at roughly 80 million years of evolution
through the Diptera order of insects, and as such, conserved regions should indicate sequences
that are necessary for proper expression of the mRNA. Taking both the footprinting and
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phylogenetic analysis into account certain two regions were identified as having a great deal of
sequential conservancy as well as presence of a secondary structure. The two regions, which
formed stem loops, were denoted as SL1 (17bp long) and SL10 (14bp long). They form a stem
loop because they contain regions of self-complementarity that hybridize to form the stem and
any nucleotides between these two complimentary regions are pushed out to form the proverbial
loop.
To elucidate the role, if any, these two stem loop motifs play in translationally regulating
pgc transgenic reporters were utilized. Figure 2B depicts the configuration of the transgene that
was utilized. The transgene consists of a nanos promoter, which is a germ line specific promoter,
nos 5’UTR, to ensure 3’UTR is target of translational regulation, HA/GFP, as the reporters, and
the 3’UTR of pgc. In the control lines, which are denoted as 36C1, the 3’UTR is unchanged;
however, in the ∆SL transgenic lines, the 3’UTR contains a deletion in one of the stem loops.
These deletions were created using the site-directed mutagenesis. Techniques such as
immunohistochemistry, western blotting and qRT-PCR were utilized to qualitatively characterize
the phenotype and quantitate the change in protein expression, which can be attributed to loss of
translational control. Concurrently, a set of in vitro experiments looking at the dimerization
ability of the mRNA was also conducted. These in vivo and in vitro experiments were used to
determine that the stem loops may be potential targets of RBPs or they may act as dimerization
motifs that allow for the mRNA to enter silencing particles.
Furthermore, to determine if other RNAs that are maternally deposited are regulated in a
similar manner bioinformatics analysis as conducted looking at the poly(A)-tail length of these
mRNAs. It was hypothesized from previous work and data from the Rangan Lab, that these stem
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loops may influence stability of the mRNA by influencing poly(A)-tail length, and as such the
poly(A)-tail may act as a marker for inclusion into the G.L. pool of RNA.

Materials and Methods
Phylogenetic Analysis
The phylogenetic analysis was previously conducted using the UCSC genome browser.
The genome utilized for the analysis is denoted as the “D. melanogaster Apr. 2004 (BDGP
R4/dm2) Assembly.” Furthermore, the pgc transcript variant C was utilized as the D. mel pgc
3’UTR for comparison.

Site-directed mutagenesis
To generate transgenic flies for in vivo analysis with various mutations or deletions in the
3’UTR of pgc, the molecular biology technique of site-directed mutagenesis was employed. Sitedirected mutagenesis is a multi-step process that first induces the mutation via the PCR step,
followed by a DNA ligation and DpnI digestion step prior to transformation into a bacterium.
The PCR step uses a singular primer that contains the mutation or deletion of interest and a high
fidelity polymerase, such as Phusion or pfu-Polymerase, to amplify from a template plasmid a
plasmid with the desired mutation. A sample reaction of 25µl volume contains the following: 5µl
GC Buffer, 0.5µl dNTP (10nM), 1µl plasmid template (200ng/µl), 0.5µl mutagenic primer
(10µM), 17.75µl dH2O and 0.25µl of phusion polymerase. This reaction is placed into a
thermocycler with an initial and per cycle denaturation of 1 minute at 98ºC, annealing at 2ºC
below the Tm of the primer, elongation at 72ºC for 5.7min (1000bp/min), followed by a final
elongation at 72ºC for 6 min and infinity hold thereafter at 4ºC. Following the PCR, 3µl of 10x
ligase buffer is added to the 25µl PCR reaction along with 0.5µl dH2O and 1.5µl of DNA ligase.
This is allowed to incubate at room temperature for 10 minutes followed by heat denaturation of
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DNA ligase at 65ºC for 10 minutes. The DpnI digestion step involves the addition of 4µl of NEB
Buffer 4, 5µl of dH2O and 1µl of DpnI restriction enzyme to the 30µl ligation reaction. The
reaction is incubated at 37ºC for 1 hour followed by denaturation at 80ºC for 20 minutes. The
standard published transformation protocol for XL-10 Gold ultra-competent cells is followed.

in vitro transcription
To generate the mRNA for the dimerization assays, cDNA was in vitro transcribed to
RNA using the commercially available T7 MegaScript kit by Ambion. The 22µl reaction mixture
for the in vitro transcription is prepared in an RNase free 1.5ml eppendorf tube as follows: dH2O
(6µl), ATP (2µl), UTP (2µl), GTP (2µl), CTP (2µl), 10X Buffer (2µl), RNase out (2µl), PCR
product containing T7 promoter (2µl), and enzyme mix (2µl). This reaction mixture is prepared
and micro-centrifuged briefly to ensure thorough mixing. The sample is allowed to incubate at
37ºC overnight for short mRNA products (<400bp) or for two hours (>400bp), and the reaction
is RNA cleaned using the commercially available RNA Clean and Concentrator Kit by
Zymogen.

mRNA dimerization assay
The full-length mRNA dimerization assay is akin to the stem loop dimerization assay, but
utilizes agarose gel electrophoresis instead of PAGE. For each dimerization assay conducted on
an mRNA, there was a formamide control performed along with a salt ramp using NaCl. Each
sample contained 1µl of RNase out, 1µl RNA (400ng/µl), 1µl of formamide or Xµl of NaCl
(2.5M), 0.7µl of sodium cacodylate buffer and brought up to a volume of 7µl using dH2O. The
salt concentrations tested were 0mM, 100mM, 250mM, 500mM and 750mM of NaCl. The
samples, once prepared, were incubated at 25ºC for 1 hour. The results of the dimerization were
analyzed via 0.8% agarose gel pre and post-stained with ethidium bromide. A ssRNA ladder was
run, which was prepared by mixing 1µl of ssRNA ladder and 1µl 6X formamide loading dye.
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The experimental samples were prepared by mixing the reaction with 1.2µl of 6X nonformamide containing loading dye. The gel was run at 75Volts for 2 hours.

SL10 dimerization assay
For the dimerization of the stem loop, a native gel was run that utilized. The stem loop
was run at different salt concentrations to assess dimerization ability. The samples were run in a
folding buffer. A 2ml 5x stock folding buffer was created with the following reagents and their
respective concentrations: 1ml of 50mM sodium cacodylate, 50µl of 25mM MgCl2, 200µl of
200mM NaCl, 80µl of 0.2% Xylene cyanol and 670µl of 50% glycerol. The salt concentrations
tested ranged from 100mM NaCl to 1.5M NaCl, and the concentrations were adjusted for each
reaction using a 5M NaCl stock. A 13% acrylamide gel was poured without a stacking layer
following lab protocol. Each sample prepared contained 2µl of 5X folding buffer, 1µl of stem
loop RNA, XµL of NaCl (5M) and the volume raised to 10µl with dH2O. The “X” represents the
varying volumes used for the salt concentration ramp.

Embryo Collection
Embryos were collected on apple juice plates. Plates were made by autoclaving solution
A: 22.5g of bacto-agar with 0.75 L of milliQ H2O. The solution was autoclaved with a stir bar
for a 20 and 10 min cycle. In a separate container, 250 mL of apple juice are heated and stirred
with 25 g of dextrose. The warmed apple juice solution was added to the agar solution while
mixing to reduce bubble formation. To this mixture 15ml of 10% Tegosept in ethanol was added
and mixed. The resulting solution was poured into petri dishes and placed at 4ºC for long-term
storage.
Prior to collecting embryos, the surface of the apple juice plates were coated with a yeast
paste (water and active dry yeast mixed to the consistency of toothpaste). Flies of the desired
genotype were placed in a plastic cage and closed with the prepared petri dish. Collections
7

occurred at 25ºC for two hours. The embryos that were laid on the plate were collected. First,
they embryos were dechorionated in a 50% bleach solution for five min, pouring directly onto
the collection plates. The resulting slurry was passed through a mesh in a conical tube to capture
all the embryos. These embryos were washed and then transferred to a solution of 1 mL 1X PBS,
1 mL of 37% formaldehyde, and 8 mL heptane in a scintillation vial. The vial was shaken for 40
minutes at 120RPM. The bottommost layer (containing formaldehyde) was removed and 8 mL of
methanol was added, and shaken vigorously (230RPM) for two minutes. The embryos were
allowed to settle and were transferred to labeled 1.5ml Eppendorf tube. The solution was
removed and the embryos were washed with methanol 3x in a 10-minute period with rotation. At
this point the embryos can be stored for a prolonged amount of time at -20ºC.

Immunohistochemistry (Embryo)
The fixed and stored embryos must be prepared by first hydrating them into PBS from
their storage solution of methanol. Three subsequent three minute washes of 7:3, 1:1, and 3:7 of
methanol:PBST washes are conducted. The PBST was then removed and replaced with BBT
(0.5g of BSA in 50ml of PBST) and placed on a rotator for two hours. The BBT is then replaced
with 1º antibodies for the target proteins Rabbit Vasa (1:5000) and Chicken GFP (1:500) diluted
in 0.5ml of BBT and placed in 4ºC for overnight incubation while rotating. Afterwards, remove
the 1º antibodies and perform 1x10min, 1x20min and 2x30min was with BBT with 2% donkey
serum. Remove the BBT/serum solution and add 2º antibody diluted in 0.5ml of BBT/serum.
The 2º antibodies used were anti-chicken 488 and anti-rabbit Cy5. Upon addition of the 2º
antibody, the tubes were kept covered and incubated at RT for 2hours with rotation. Finally, the
2º solution was removed and 1 drop of VectaShield was added and the embryos were mounted
on a glass slide.
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Western Blot
Embryos were collected in a similar fashion as before, but instead of fixing in the
formaldehyde/heptane/PBST solution, they were collected in water and transferred into NB Lysis
buffer and stored at -20ºC. These embryos were thawed and the protein was isolated by
homogenization using a pestle and centrifugation at 14,000RPM for 5 minutes at 4ºC. The
supernatant containing the protein was pipetted out ensuring the pellet and the top lipid layers
were undisturbed.

A Bradford using the standard protocol is conducted to calculate the

concentration of the isolated protein. A BSA standard is used to create a Abs vs. Concentration
curve and using the equation of the best-fit line is used to determine the concentration of the
isolated protein.
The western blots were conducted to determine the protein levels of the transgene
reporters GFP/HA. We utilized precast BIO RAD “Mini-PROTEAN TGX Gels” and ran our
samples in 1x running buffer (Tris/Glycine/SDS). Each lane was loaded with a different
genotype and each lane was loaded with 20 µg of protein, 1X BIO RAD “Laemmli Sample
Buffer”, 2.78% 2-Mercaptoethanol, and dH20 up to 20 µl. Prior to loading, the samples were
incubated for 5 min at 95° C, and then run on the gel for 1 hour at 150 V.
The gel was then transferred to a membrane by assembling a “sandwich.” The assembly
is as follows on the black side of the cassette: one sponge pre-soaked in the transfer buffer, 2
pieces of filter paper pre-soaked in the transfer buffer, gel, nitrocellulose membrane, 2 pieces of
filter paper pre-soaked in the transfer buffer, and one sponge pre-soaked in the transfer buffer.
Bubbles were removed by rolling a pipette tip across the top layer before closing the cassette and
placing into the receptacle and letting the transfer occur at 4ºC for one hour at 100 V.
After the protein is transferred to the membrane, a Ponceau staining can be done to
ensure protein has transferred. Otherwise the membrane is blocked in 5% milk in PBST and
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shaken for two hours at RT. Then 1º antibody in a milk solution is added that targets the HA
moiety (1:10,000) in the transgenes and allowed to incubate while shaking at RT for two hours.
The membrane is then washed in 0.5% milk in a 1x30 second, 2x5min, 2x15min and 2x20min
wash cycle. Then the HRP 2º antibody (1:5000) is added in a 0.5% milk solution and allowed to
incubate at RT for two hours with shaking. The membrane is then washed in PBST with the
following wash steps: 1x30 second, 2x5min, 2x15min and 2x20min. Subsequently, the
membrane is submerged in an ECL solution for 1 minute and imaged using the BIORAD
Chemidoc MP. After imaging, the membrane is stripped (100mM 2-Mercaptoethanol, 2% SDS,
62.5mM Tris-HCL ph 6.8) and re-probed for Vasa (1:2500) in a similar fashion. The stripping
occurs at 50ºC for 30 minutes with intermittent shaking and subsequent PBST washes. Blocking
must also be repeated.

qRT-PCR
Firstly, the RNA must be isolated using TRIzol. The embryos are collected in a similar
fashion to as described in the western blot section but are stored in TRIzol, instead of NB Lysis
Buffer, and are stored in -80ºC after flash freezing. The process of isolation begins by
homogenizing the embryos in 100µl of TRIzol with an RNase free pestle. To this 900µl of
TRIzol is added and allowed to incubate at RT for 3 minutes. Then 200µl of chloroform is added
and vigorously shaken for 15 seconds. The tube is incubated at RT for 5 minutes then spun down
at 12,000xg for 15 minutes at 4ºC. The aqueous phase containing the DNA/RNA is isolated.
Then 500µl of isopropanol is added, incubated at RT for 10 min and spun down at 12,000xg for
10 min at 4ºC to pellet the DNA/RNA. The DNA/RNA is then ethanol washed and reconstituted
in nuclease free water. The DNA is removed via a TURBO DNAse treatment in which 5-10µg of
the isolated solution is used (calculate concentration from a 1:10 dilution of the solution and
nanodropping). The TURBO DNAse treated solution contains the isolated RNA.
10

The next step is to perform first-strand cDNA synthesis via SuperScript III Reverse
Transcription.

The

protocol

is

published

and

accessible

online

(https://tools.thermofisher.com/content/sfs/manuals/superscriptIIIfirststrand_pps.pdf).

Each

reaction done consisted of a + RT and a – RT, to ensure that the reverse transcription did not
introduce an error.
The final step is to perform the quantitate PCR (qPCR) by utilizing the commercially
available SYBR Green Quantitative PCR Protocol. Table 1 depicts the layout of the multi-well
plate. The reactions consisted of the following: 5µl Sybr Green, 0.3µl Primer 1 (5µM), 0.3µl
Primer 2 (5µM), 0.5 µl cDNA, 3.9 µl dH2O for a 10µl total volume. The sample plate is then
spun down for two minutes at 3000xg and then placed into the 7900HT Sequence Detection
System for PCR analysis. The resulting data was analyzed using a template in Numbers
developed by Dr. Ryan Palumbo.

Fluorescent in-situ hybridization (FISH)
Protocol obtained from Lehmann Lab.
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Results
Deletion of SL1 and SL10 affects translational control of pgc during embryogenesis
Pgc is expressed during both oogenesis and embryogenesis, and to determine where, if
ever, the stem loops play a role in translationally regulating the mRNA, we performed
immunohistochemistry on both tissue types. The results for the ∆SL1 and ∆SL10 in ovaries are
not shown here, however, they phenocopied wild type Pgc expression. Interestingly, during
embryogenesis, there is an observable phenotype in both ∆SL1 and ∆SL10 embryos. Figure 3
shows that loss of ∆SL1 or ∆SL10, results in somatic expression of Pgc. Wild type Pgc
expression is limited to the pole cells in the posterior pole of the growing embryo, which are
apparent during stage 6. The loss of SL1 or SL10 results in somatic expression of Pgc, and is
observed by GFP expression in the somatic tissue surrounding the aforementioned pole cells.

Stem loop deletions lead to stabilization of pgc in somatic tissue
To determine if the somatic expression of Pgc in the ∆SL1 and ∆SL10 transgene lines
was due to improper of mRNA localization we performed a fluorescent in-situ hybridization.
This allowed us to visualize the localization pattern of the transgene mRNA. In control embryos,
the mRNA is correctly localized to the pole cells in the posterior pole of the embryo. However,
in ∆SL1 or ∆SL10 flies, transgene mRNA is present in the somatic tissue surrounding the pole
cells (Figure 4). Figure 4A shows that during stage 2 of embryogenesis, the control, ∆SL1 and
∆SL10 all have a gradient of transgene mRNA getting concentrated to the posterior pole. In
figure 4B, which shows stage 6 of embryogenesis, the somatic stabilization of the transgene
mRNA becomes apparent in ∆SL1 and ∆SL10 when compared the control. The diagram at the
bottom of figure 4 depicts the localization and expression of pgc in a wild type and stem loop
deletion context. Normally, pgc is localized to the pole cells and is expressed only there;
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however, in ∆SL flies, the RNA is stabilized in the surrounding somatic tissue as well, and
consequently there is Pgc expression in the pole cells and somatic tissue.

Expression of pgc is up-regulated during embryogenesis in ∆SL10 flies
To quantitate these results after getting a qualitative characterization of the affects of loss
of the stem loops on pgc, we performed western blots and qRT-PCR on both embryos and
ovaries to determine transgene protein expression in both tissues. The western blots were
conducted to quantitate the amount of Pgc protein being expressed under wild type and SL10
deleted 3’UTRs. The results of the western blot were normalized to the amount of Vasa in each
lane (Figure 5A). This takes into account human error in differentially loading the samples on the
gel. Results indicated that during oogenesis there is no significant increase in protein expression,
however there is a 1.5 fold increase during embryogenesis. The qRT-PCR was done and results
indicated that ∆SL10 contained fewer copies of the transgene mRNA than did the control. These
two results together indicate that during embryogenesis there is a roughly 5-fold increase in
protein expression when SL10 is deleted, as compared to wild type (Figure 5B). The same did
not hold true for oogenesis, because there was no observed protein expression change.

SL10 and pgc mRNA is capable of dimerizing
In light of the significance of SL10 in proper translational control of pgc during
embryogenesis, we looked at the possibility of SL10 acting as a dimerization motif. Utilizing
native PAGE analysis, we ran the 14bp stem loop under varying salt concentrations and found
that it is capable of dimerizing (Figure 6A). With these results in mind, we aimed to identify if
the whole pgc mRNA is capable of dimerizing as well. Utilizing the dimerization assay
developed, it was determined that the full-length pgc mRNA is also capable of dimerizing
(Figure 6B). The question of whether this stem loop is melting and complimentarily binding to
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another pgc mRNA’s stem loop or if it is forming kissing loop interactions, as shown in figure
6C, is still unknown.

Poly(A)-tail length varies between G.L. and G.L.E. RNAs in the germ plasm
From this work, thus far, we were able to determine that the loss of SL1 or SL10 results
in somatic expression of the protein. Normally, pgc is expressed solely in the pole cells and we
have characterized it as a germ line included mRNA (G.L.). To broaden our perspective and to
determine if there is a mechanism by which mRNAs are segregated into the G.L. and G.L.E
pools we utilized a previously published data set on the lengths of poly(A)-tails of mRNAs in D.
mel (Lim et al., 2016). We aimed to determine if poly(A)-tail length was influential in separating
the G.L. and the G.L.E. mRNAs during embryogenesis. The possibility here is that the loss of
SL1 or SL10 results in a characteristic change in the mRNA and as such is no longer capable of
being localized to the pole cells. The mTail-seq data published by Lim et al. was used to
determine if there is a difference in the mean poly(A)-tail length of the germ line RNAs and
germ line excluded RNAs. Figure 7A shows that germ line included RNAs have a longer
poly(A)-tail length then the germ line excluded RNAs. An analysis from mTail-seq data in wispy
mutants was also conducted and it showed that length of the germ line RNAs is much shorter in
wispy mutants.
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Discussion
Translational regulation of mRNAs is often a linchpin in gene expression. In D. mel,
germ plasm RNAs, such as pgc, are heavily regulated to ensure proper functionality during
development of the growing embryo. Pgc, the global transcriptional silencer, is responsible for
repressing somatic gene expression and somatic trans-differentiation of primordial germ cells.
Proper Pgc expression occurs in the pole cells that bud from the posterior pole of the developing
embryo. The loss of translational regulation was observed in the ∆SL1 and ∆SL10 transgenic fly
lines.
Based on the conducted experiments, we were able to show that loss of either SL1 or
SL10 results in somatic stabilization of the transgene RNA and subsequent somatic expression of
the reporter. In terms of translational regulation, the loss of the stem loops results in loss of this
mode of regulation, as there is somatic expression in a system that is intended to be germ line
exclusive. The 5-fold increase in protein expression in ∆SL10 flies and somatic presence of the
transgene mRNA indicates that there is loss of translational regulation, rather then another posttranslational modification influencing protein turnover. A similar analysis of mRNA levels and
protein levels in ∆SL1 is underway, but needs to be completed. Taking the FISH data into
account for ∆SL1 and ∆SL10 flies, it can be concluded that there is somatic stabilization of the
transgene mRNA in the somatic tissue. This can be attributed to the loss of a degradation signal
that normally would be present. Typically, smaug binds to mRNAs and aids in the maternal to
zygotic transition by turning over maternally deposited mRNAs by recruiting the CCR4/NOT
complex and leading to poly(A)-tail degradation and mRNA destabilization (Semotok et al.,
2005). Previous work has shown that smaug does not interact with pgc, and therefore is in the
20% of mRNAs that are not degraded in a smaug dependent manner. The somatic presence of
the transgenic mRNAs in ∆SL1 and ∆SL10 might indicate that the SL1 and SL10, in their
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respective lines, may be motifs that are recognized by another RBP that leads to mRNA
degradation in the somatic tissue.
Exploration of the possibility of trans-acting factor’s involvement in translational
regulation of pgc is further warranted. A multitude of RBPs are predicted to bind different
regions of the 3’UTR of pgc, and some specifically the stem loop of interest, SL10. Previous
work has shown that YTH domain can bind the consensus sequence (UAAUAC), which is
partially present in the loop of SL10 (Zhang et al., 2010). There are two proteins in D. mel that
contain the YTH domain: YT521-B and CG6422. A preliminary IF experiment showed somatic
expression of YT521-B during the early stages of embryogenesis (not shown). The antibody used
may potentially cross react with CG6422, as the peptide used as the immunogen to generate the
antibody shares similarities to both YT521-B and CG6422. CG6422 is of specific interest,
because it is predicted to interact with POP2, a member of the CCR4/NOT complex, a previously
characterized de-adenylase (Du et al., 2016, p. 2). A potential mechanism of translation
regulation arises, in light of this information. Germ plasm, which gets localized to the posterior
pole of developing embryos is predominantly incorporated into the cytoplasm of pole cells, is
still present in the somatic tissue surrounding the PGCs. It is therefore hypothesized that CG6422
binds SL10 and recruits the CCR4/NOT complex to destabilize and degrade pgc RNA in somatic
tissue. This allows specific activity of Pgc in the PGCs to ensure somatic gene silencing does not
occur in somatic tissue. To test this hypothesis, RNAi lines against YT521-B and CG6422 can be
utilized to see the effects of depletion of these two proteins. If the hypothesis is true, CG6422
RNAi should recapitulate a ∆SL10 phenotype. Furthermore, both the CG6422 and YT521-B
proteins can be expressed and isolated to perform gel shift experiments with both the SL10 and
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pgc mRNA. The results of these in vivo and in vitro experiments will guide the future directions
of this research.
To determine if the secondary structure of the SLs plays a role in translational regulation
a few more transgenic lines need to be analyzed. For both SL1 and SL10, transgenic flies that
contain the stem loop but with a mutated sequence in the loop, SL1-LM and SL10-LM, need to
be analyzed to determine if the sequence of the stem loops is needed for recognition or if
structure is sufficient. Furthermore, stem-melting transgene flies, SL1-SM and SL10-SM, need
to be analyzed, in which one side of the stem loop is mutated so that the loop sequence is
maintained but the stem is denatured. Analysis of these fly lines will inform whether or not the
sequence is needed for translational regulation. A compensatory mutation that mutates the other
half of the stem restores the stem thereby recapitulating the secondary structure with the original
loop sequence. This can be used as a control to ensure the stem sequence is not necessary for
translational regulation.
Looking forward, if either SL1 or SL10 proves to be a signal via which maternal to
zygotic transition is signaled in D. mel embryogenesis in a smaug independent manner,
sufficiency experiments can be conducted. Here, the SL1 or SL10 would be placed within the
3’UTR of a germ plasm localized mRNA and if the SLs were sufficient, they would cause the
degradation of the mRNA in which the SL was inserted. The results of these proposed in vivo
and in vitro experiments will guide the future directions of this research.
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Tables
Table 1: Below is the layout of the multi-well plate used for qRT-PCR. The first three sample columns contain the
GFP primers with + RT cDNA. The 4-6 columns contain primers for RP49, a control, with + RT cDNA. The final
three columns contain primers for RP49, but with – RT cDNA. There are three biological and three technical
replicates.
1) gfp
2) gfp
3) gfp
4) RP49 5) RP49 6) RP49 7) RP49 8) RP49 9) RP49
+RT
+RT
+RT
+RT
+RT
+RT
-RT
-RT
-RT
A. WT (I)
1.
1.
1.
2.
2.
2.
3.
3.
3.
B. WT (II)
1.
1.
1.
2.
2.
2.
3.
3.
3.
C. WT (III)
1.
1.
1.
2.
2.
2.
3.
3.
3.
D. 36C1(I)
1.
1.
1.
2.
2.
2.
3.
3.
3.
E. 36C1 (II)
1.
1.
1.
2.
2.
2.
3.
3.
3.
F. 36C1 (III) 1.
1.
1.
2.
2.
2.
3.
3.
3.
G. dSL (I)
1.
1.
1.
2.
2.
2.
3.
3.
3.
H. dSL (II)
1.
1.
1.
2.
2.
2.
3.
3.
3.
I. dSL (III)
1.
1.
1.
2.
2.
2.
3.
3.
3.
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Figures

Figure 1: (A) Circular dichroism spectra shows that the pgc 3’UTR has secondary structure. (B) UV
Melting study shows that a unique secondary structure is made and melts at roughly 55ºC. (C) Native
PAGE analysis shows that in the presence of ions, the 3’UTR is compact and forms a structure. (D) RNA
footprinting shows the presence of secondary structure by probing single stranded regions. (E) The
predicted secondary structure of the 3’UTR of pgc with the restraints imparted from the RNA footprinting
data.

19

Figure 2: (A) The phylogenetic analysis shows the regions of conservancy in the 3’UTR of pgc. Two
regions identified for further study are SL1 and SL10. Both are predicted to form a stem loop structure,
and an example can be seen of SL10. (B) The locations of SL10 and SL1 on the 3’UTR of pgc. (C) The
construction of the transgenic fly lines is described here. The constructs contain a nom 5’UTR, HA/GFP
reporter, and pgc 3’UTR in either its WT or SL form.
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Figure 3: The figure shows that loss of either SL1 or SL10 results in somatic expression of Pgc as
marked by GFP expression. Vasa is shown in blue, and marks the germ line, whereas GFP is shown in
green. In the control embryo, GFP expression is localized to the pole cells, however with loss of either
stem loop, there is somatic expression of GFP.
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Figure 4: The figure shows fluorescent in-situ hybridization images of drosophila
embryogenesis during stage 2 (A) and stage 6 (B). The top panel of each shows the endogenous
pgc mRNA being localized. The middle panel shows the localization of the transgene containing
either the wild type pgc 3’UTR or a SL1 or SL10 deletion. The bottom panel shows the nuclei of
the cells. Below each panel set are cartoons depicting pgc RNA and protein
localization/expression patterns during their respective stages in both wild type and ∆SL
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Figure 5: (A) Western blot used for quantification of protein. (B) Normalized protein expression
during embryogenesis and oogenesis. Results show that loss of SL10 leads to 4-5 fold increase in
protein expression.
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Figure 6: (A) SL10 dimerization on a native PAGE shows dimerization across salt concentrations. (B)
FL pgc mRNA is capable of dimerizing and multimerizing under various salt concentrations. (C) The
kissing loop interactions are a mode by which SL10 maybe acting as the dimerization motif for pgc.
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Figure 7: (A) Violin plots depicting the difference in poly(A)

tail length distribution of germ line RNAs and germ line
excluded RNAs in wild type mature embryos. (B) Violin
plots showing the difference in poly(A)-tail length of germ
line RNAs in wild type and wispy mature embryos.
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